Abstract-A poly-Si localized micro-heater for Si FET-type gas sensor is proposed. The gas sensor has an air gap under the heater to prevent the heat dissipation. It is verified that the heater temperature can be read by reading the heater resistance immediately after the heating pulse is turned on or off. A heater temperature of 112℃ is achieved at a heat pulse bias of 2 V, which consumes ~0.92 mW. The heating and cooling times of the heater are ~200 μs and ~100 μs, respectively. NO2 and H2S sensing are successfully performed by using a pulse-driven micro-heater in the proposed gas sensor.
I. INTRODUCTION
Humans have been constantly exposed to a variety of gases in everyday life and there are many kinds of harmful gases among them. Many studies have been carried out to develop a reliable gas sensor to prevent damage from harmful gases. Recently, studies on gas-sensing at room temperature are increasing [1] , but report low reliability. Most of the gas sensors still show better sensing performance at high temperatures [2] . To raise the operating temperature, hot plate or micro-heater has been used in general. In most studies, resistor-type gas sensors have been widely used and need a large sensing area for reliability. The large sensing area requires a large size of heater (~mm 2 ) to raise the temperature during sensing, resulting in higher power consumption. In this work, we propose a Si FET-type gas sensor having a localized poly-Si micro-heater to reduce heater size and power consumption. The temperature of the micro-heater driven by a series of pulse-type heating bias (VH) is identified by the proposed method and the infrared thermal microscopy. We also investigate gas sensing properties by applying heating pulses to fabricated a gas sensor with the micro-heater.
II. DEVICE FABRICATION
A Si FET-type gas sensor having a localized poly-Si microheater is fabricated using 6 masks. The fabricated gas sensor features an air gap under the micro-heater. Air has lower thermal conductivity (0.026 W/(m·K)) than Si and SiO2 (148 and 1.4 W/(m·K)) [3] . Therefore, the air gap prevents the heat generated by the micro-heater from escaping through the Si substrate. The gas sensor is based on pMOSFET because it has less flicker noise than nMOSFET [4] . Fig. 1 (a) -(e) show schematic bird's eye views of key fabrication process steps of the gas sensor. The active region is defined on a (100) n-type Si wafer and a field oxide is grown. Then, the buried channel implantation is performed for reducing flicker noise. After a 10 nm thick gate oxide is grown, a 350 nm thick n + poly-Si is deposited and patterned to form a floating-gate (FG) and the micro-heater (a). After the S/D implantation, a SiO2/Si3N4/ SiO2 (O/N/O, 10 nm/20 nm/10 nm) passivation layer is formed (b). Since the sensing material and the heater are spaced apart by the thickness of the passivation layer, the heat of the heater is effectively transferred to the sensing material. Then, the metal contact holes are defined and the Cr/Au electrodes are deposited (c). To form an air gap under the micro-heater, O/N/O passivation layer, field oxide, and Si substrate are sequentially dry-etched (d). A 15 nm thick n-type semiconducting ZnO film as a sensing material is then formed to cover the part of CG and FG by using atomic layer deposition (e). Fig. 1 (f) depicts a schematic cross-sectional view of the gas sensor cut along a white dotted line A-A' in Fig. 1 (e) . The air gap is formed at a depth of ~10 mm under and around the sensing part, and the FET is formed on the bulk substrate. Fig. 2 shows a top SEM image of the gas sensor. The width/length of the channel is 2 μm/2 μm. There are bridges between the etching holes (white dotted lines), which sustain the sensing part structurally. The heater size is 15×5 mm 2 . Fig. 3 (a)-(c) show ID-VCG, ID-VDS curves, and micro-heater current (IH) versus VH of the gas sensor at 25℃ measured by using DC and pulsed I-V (PIV) methods. Fig. 4 shows the change in temperature of the micro-heater (TH) as the temperature of hot plate (Tplate) rises from 30℃ to 100℃. The TH is measured by using infrared thermal microscopy. The difference between Tplate and TH is ~2℃ and all TH data obtained in this work are calibrated. Fig. 5 (a) shows heater resistance (RH) versus Tplate as a parameter of the bias for reading the temperature (VrT). In Fig. 5 (a) , the RH increases with increasing Tplate, which is characteristic of heavily doped poly-Si micro-heater. The slope of RH-Tplate curve becomes steeper as the VrT applied to the heater increases from 0.5 to 2.0 V and the curve becomes more nonlinear with increasing VrT at > 150℃. The reason is that the increase of VrT leads to the increase of Joule heating, so that TH rises. This is also inferred by the result, as shown in Fig. 5 (b) , that temperature coefficient of resistance (TCR), denoted by α, increases with the increase of VrT. The αs are extracted from the equations in the inset of Fig. 5 (a) . In this work, the |VrT| of 0.5 V or less is applied to read the TH, because Joule heating is negligible. Using the calibrated RH versus TH, the TH can be extracted from the measured RH after the VH pulse (> 1 V) is applied to the heater at a fixed Tplate. Fig. 6 (a) depicts transient RH and TH behaviors as a function of VH after a 500 μs-long VH pulse is applied at t = 0 s. The RH and the TH are saturated when the heat generated by the VH above 1 V is equal to the heat dissipated. Here, we define heating time (th) as a time duration for which TH rises by 90% of the temperature difference between 30℃ and the saturated temperature. Fig. 6 (b) shows the th with respect to VH. A pulse width of VH longer than 200 μs is required to reach the maximum TH at VH = 2 V. Fig. 7 (a) depicts transient RH and TH behaviors as a function of VH after a 500 μs-long VH pulse is turned off at t = 0 s. Note a VrT pulse of 0.5 V with a period of 30 μs is applied to read the RH at t = 5 μs. Cooling time (tc) is defined as a time duration for which TH falls by 90% of the temperature difference between the temperature at t = 0 s and 30℃ in Fig. 7 (a) . Fig. 7 (b) shows the tc with respect to VH. A 100 μs is sufficient to cool down the heated heater with an applied 2 V of VH to 30℃. Fig. 8 (a) and (b) display maximum value of TH (TH,max) versus frequency as parameters of VH (@ 50% of duty cycle) and duty cycle (@ VH = 2 V), respectively. The TH data are obtained by using infrared thermal microscopy. In Fig. 8 (a) , the TH,maxs at frequency below 1 kHz are kept at the same value due to the reason that the pulse width of VH is long enough to reach the maximum temperature, as mentioned in Fig. 6 (a) . In Fig. 8 (b) , the TH,max increases as the duty cycle of VH pulse increases, since the pulse width becomes longer at a certain frequency. Fig. 9 shows the DC ID-VCG characteristics of the gas sensor at different Tplates (symbols) and the same THs as Tplates by applying the VHs to the heater (lines). The VDS is fixed at -0.1 V. As the Tplate rises, the TH also increases, as shown in Fig. 4 , and the drain off-current increases due to drain-to-substrate junction leakage. As the VH increases at a fixed Tplate of 25℃, only the TH of the micro-heater rises. Therefore, there is no increase in drain off-current by virtue of the FET temperature being kept at 25℃. To demonstrate the result in Fig. 9 , the temperature distribution data of the gas sensor is obtained by using thermoreflectance microscopy in Fig. 10 (a) and (b) . Here, the VH of the pulse applied to the heater is 2 V. The distance between the micro-heater and the FET is ~ 20 μm. In Fig. 10 (b) , no temperature increase is observed in the vicinity of the FET. It is verified that heating by applying VH up to 2 V to the heater has no influence on the FET operation of the gas sensor. Fig. 11 illustrates the experimental setup for gassensing measurement. Three pulse signals are used and applied to the CG, the drain, and the micro-heater. Fig. 12 indicates an operation scheme adopted for gas-sensing measurement. In the heating period, the VH are applied to the heater with a pulse width of tH while the pre-bias (Vpre) is applied to the CG [5] . In the read period, the drain bias (VrDS) is synchronized with the VrCG for a pulse width of tread. All the gas-sensing measurements in this work are done at fixed VrCG and VrDS of -0.1 V and a frequency of 1 kHz in linear region of the FETtype gas sensor. Figs. 13 and 14 show the transient ID behaviors of the gas sensor as parameters of VH and NO2 concentration, respectively. In Fig. 13 , the response and the recovery characteristics are improved as the VH increases. The increase of VH leads to the rise in TH. NO2 molecules then acquire more energy, resulting in higher response and faster recovery. In Fig. 14, as the NO2 concentration increases, the |ID| increases. The gas response versus NO2 concentration as a parameter of VH is shown in Fig. 15 . The gas response is obtained by the absolute value of the difference between the IDs at t = 70 s and t = 10 s. At a 500 ppb NO2 and a VH of 2 V, the gas response is 43.7 nA. Fig. 16 shows the transient ID behaviors of the gas sensor as a parameter of tH. The ID behavior with a tH of 500 μs is similar to that with a tH of 700 μs. As shown in Fig. 8(b) , a TH,max at a duty cycle of 50% is nearly the same as that of 70% at a f up to 1 kHz. Thus, using a 500 μs-long VH pulse is reasonable for low power operation of the gas sensor with the micro-heater. The power consumption is ~0.92 mW at 112℃ (VH = 2V). The transient responses to H2S gas are illustrated as parameters of VH, gas concentration, and tH in Figs. 17, 18 , and 20, respectively. Fig. 19 shows the gas response versus H2S concentration as a parameter of VH. At a 10 ppm H2S and a VH of 2 V, the gas response is 38.3 nA. In Figs. 17-20 , all the results can be explained in the same way as in Figs. 13-16 , except for the direction of transient ID behaviors, since H2S is well known as a reducing gas, unlike NO2, known as an oxidizing gas. Since H2S recovery requires reversible oxygen adsorption, the recovery seems to be delayed in Figs Fig.  21 , the response increases with negatively increasing Vpre, whereas the recovery time is shortened with positively increasing Vpre [5] . Fig. 22 shows the Vpre effect on H2S response. The |ID| behavior with the polarity of Vpre is opposite to that of NO2. Fig. 23 indicates the gas response in 500 ppb NO2 ambience versus total heating time (n×tH) where n is the number of applied pulses (tH = 500 μs, f = 1 kHz). A pulse scheme used in this measurement is explained in the inset of Fig. 23 . We think a DID of ~2 nA is large enough to be detected even when there is noise. Since the DID of ~2 nA needs a total heating time of ~10 ms, the energy consumption is estimated to be ~18.4 μJ.
III. RESULT AND DISCUSSION

IV. CONCLUSIONS
A Si FET-type gas sensor having a localized poly-Si microheater has been proposed and fabricated. A method to identify the temperature (TH) of the heater was verified. The TH of 112℃ was obtained at a heater pulse bias of 2 V and the heating/cooling times of the heater were 200 ms/100 ms. Low power consumption was achieved, which is attributed to the reduced distance between the heater and sensing material, small heater size, and pulse operation. The proposed sensor showed excellent performance in NO2 and H2S gas detection. The generated pulse signals are applied to the CG, the drain and the micro-heater. 
